Two major aspects of dendritic integration, coincidence detection and temporal integration, depend critically on the spatial and temporal properties of the dendritic summation of synaptic inputs. Neuronal activity capable of inducing synaptic long-term potentiation (LTP) leads to increased linearity of the spatial summation of synchronous EPSPs. Whether such activity can also modulate the temporal summation of EPSPs is unknown. In the present study, we examined the linearity of the summation of EPSPs spaced by different time intervals in hippocampal CA1 pyramidal neurons, before and after LTP induction. We found that LTP induction resulted in an increased linearity of summation of the potentiated input with another synchronous or asynchronous input, with a striking dendritic locationspecific selectivity for the timing of the summed inputs. At distal dendrites, LTP induction led to an increased linearity of summation only for EPSPs arriving within 5 ms, thus favoring the summation of coincident inputs. In contrast, LTP induction at proximal dendrites increased the linearity of summation for EPSPs arriving within a time window of Ͼ20 ms. Furthermore, for synaptic inputs at the distal dendrite, enhanced spiking output after LTP induction was observed only for coincidently summed EPSPs, suggesting facilitated coincidence detection. In contrast, for proximal inputs, enhanced spiking output after LTP induction occurred for EPSPs arriving within a broader time window of ϳ20 ms, favoring temporal integration. Such dendritic location-dependent differential modulation of coincidence detection and temporal integration by neuronal activity represents a form of activity-dependent and domain-specific plasticity in the function of dendritic information processing.
Introduction
Most neurons in the mammalian brain receive thousands of excitatory synaptic inputs that are widely distributed along the dendritic arbor and activated with varying degrees of synchronicity. Individual synaptic potentials undergo severe attenuation before reaching the soma (Segev and London, 2000) ; therefore, spatial and temporal integration of multiple synaptic inputs are critical for the initiation of action potentials (Rall, 1977; Hausser et al., 2000; Magee, 2000; Segev and London, 2000) . Dendritic integration is a highly nonlinear process that depends both on passive properties of the dendrite (Rall, 1995; Segev and London, 2000) and on various voltage-gated ion channels (Urban and Barrionuevo, 1998; Cash and Yuste, 1999; Magee, 1999; Hausser et al., 2000; Reyes, 2001; Wang et al., 2003) . Recent studies have shown that, in addition to changes in synaptic efficacy, neuronal activity may also induce persistent changes in the property of dendritic ion channels Aizenman and Linden, 2000; Bickmeyer et al., 2002; Carr et al., 2003; Wang et al., 2003; Zhang and Linden, 2003; Frick et al., 2004) and the morphology of dendritic spines (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Toni et al., 1999; Yuste and Bonhoeffer, 2001; Zhou et al., 2004) . Thus, dendritic integration of synaptic inputs is likely to be regulated by neuronal activity as well. A recent study (Wang et al., 2003) indeed revealed bidirectional changes in the linearity of the spatial summation of EPSPs accompanying long-term potentiation (LTP) and long-term depression (LTD) induced by correlated presynaptic and postsynaptic activity.
Two fundamental aspects of dendritic integration of synaptic inputs are coincidence detection and temporal integration (Segev, 1995; Magee, 2000) , both of which are essential for neuronal information processing (Shadlen and Newsome, 1994; Segev, 1995; Konig et al., 1996; Agmon-Snir et al., 1998) . Coincident detection is reflected by the firing of the postsynaptic neuron when spatially separated inputs are activated synchronously at the dendrite, whereas temporal integration depends on the efficacy of EPSP summation resulting from sequential activation of the same input or by asynchronous activation of different inputs. Thus, a selective enhancement of summation of synchronous and asynchronous inputs will promote coincidence detection and temporal integration, respectively. Furthermore, the cable properties of dendrites (Rall, 1977) predict that temporal integration of EPSPs is more pronounced for distal inputs because of their prolonged time course and attenuated amplitude of EPSPs when reaching the soma, whereas coincidence detection is more prominent for proximal inputs (Rall, 1977; Segev, 1995; Magee, 2000) . Thus, it is important to understand the temporal characteristics of the modification of dendritic summation of EPSPs by neuronal activity and its dependence on the dendritic location of the inputs. In the present study, we examined the modification of dendritic summation of synaptic inputs arriving with various degrees of synchronicity and at different dendritic locations after LTP induction. In addition, by monitoring the spiking output of the summed EPSPs, we investigated the consequence of this activity-dependent modification of EPSP summation on the coincidence detection and temporal integration of the neuron for inputs arriving at different dendritic locations.
Materials and Methods
Slice preparation. Hippocampal slices (350 -400 m thick) were prepared from Sprague Dawley rats (postnatal days 16 -20), as described previously (Wang et al., 2003) . Neurons were visualized with an Olympus microscope (BX51WI) equipped with an infrared video camera and differential interference contrast optics. The extracellular solution contained the following (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , and 11 glucose, saturated with 95% O 2 and 5% CO 2 , pH 7.4; 28 -30°C. All experiments were performed in the presence of picrotoxin (100 M). The inputs from area CA3 were eliminated by a cut of the slice between CA3 and CA1 to prevent repetitive firing caused by reduced GABAergic inhibition.
Electrophysiology. Whole-cell recordings were made with amphotericin B (0.3 mg/ml; Calbiochem, La Jolla, CA) perforation on the soma of CA1 pyramidal neurons. Recording pipettes were filled with an internal solution containing the following (in mM): 136.5 K-gluconate, 17.5 KCl, 9.0 NaCl, 1.0 MgCl 2 , 10.0 HEPES, and 0.2 EGTA, pH 7.3, with pipette resistance of 2-4 M⍀. Series resistance ranged from 15 to 40 M⍀ and became stable 5-15 min after seal formation. The absence of break-in during the perforated-patch recording was confirmed by the stability of the membrane potential when tetraethylammonium (5 mM) was added to the intracellular solution (n ϭ 8). The cell was usually current clamped at Ϫ70 mV by a constant current injection throughout the experiment, and monosynaptic EPSPs were evoked by focal extracellular stimulation (100 s; 10 -50 A) with small glass electrodes (tip opening, 2-3 m; placed within 30 m of the main dendrite) by means of a stimulator (Master-8; A.M.P.I., Jerusalem, Israel) coupled through an isolator (Iso-flex; A.M.P.I.). Data were amplified and filtered at 2 kHz by a patch-clamp amplifier (Axopatch 200B), digitalized (DIGIDATA 1322A), stored, and analyzed by pCLAMP (Molecular Devices, Union City, CA). Data were discarded when the input resistance changed Ͼ20% during recording, which is often accompanied by an increase of series resistance, indicating a deterioration of patch configuration. The dendritic locations selected for the present study (60 -300 m) were chosen for the purpose of obtaining EPSPs of a substantial range of amplitudes. For stimulating two Schaffer collateral-commissural (SC) inputs, the interpipette distance was in a range of 30 to 80 m. A paired-pulse test (with a 50 ms interval) was applied under the voltage-clamp mode to confirm the independence of the two inputs by the absence of crossfacilitation (n ϭ 9) (see Fig. 1 A) . For examining the linearity of EPSP summation, the summed and individual EPSPs at each stimulus strength were recorded for 10 trials at 0.04 Hz, and averaged traces were used for calculating the linearity. The linearity of summation was defined as the ratio of the peak amplitude of summed EPSPs to that of algebraically summed traces (Cash and Yuste, 1999; Wang et al., 2003) . Data are presented as mean Ϯ SEM, and statistical significance was tested with the paired Student's t test, unless stated otherwise. For the induction of LTP, paired theta-burst stimulation (pTBS) consisted of five paired spike trains in both presynaptic and postsynaptic neurons at the theta frequency (5 Hz). Each pair of spike trains consisted of five presynaptic spikes at 100 Hz and three postsynaptic spikes at 40 Hz, with synchronous onset of the first spike. Application of two pTBSs spaced 10 s to the hippocampal SC-CA1 pathway was effective in inducing LTP (see Fig.  1 B) . The EPSP amplitude before the induction was typically 4 -6 mV. The summation test was resumed at least 15 min after LTP induction and lasted for at least 40 min. All other chemicals were from Sigma (St. Louis, MO).
Results

Measurements of dendritic summation of EPSPs
Perforated whole-cell recordings were made from the soma of CA1 pyramidal neurons in acute hippocampal slices to monitor monosynaptic EPSPs, which were elicited by extracellular stimulation of two separate SC fibers in the stratum radiatum (Fig. 1 A) Figure 1. Increased linearity of summation for two distal SC inputs after LTP induction. A, Schematic diagram depicting two independent Schaffer collateral inputs stimulated by extracellular electrodes. One of the inputs was conditioned by pTBS (see Materials and Methods). Sample traces depict EPSCs elicited by sequential stimulation of the same input (Sc-Sc and Sp-Sp) or two inputs (S p -S c and S c -S p ) at an interval of 50 ms, showing the presence of pair-pulsed facilitation at the same input and absence of cross-facilitation between two stimulated pathways. B, Persistent increase in EPSP amplitude (164.5 Ϯ 9.3% of the mean value before induction; n ϭ 9) was induced at the input exposed to pTBS (S P ; filled circles) but not at the control input (see Materials and Methods), in the presence of the GABA A receptor antagonist picrotoxin (100 M). To induce robust LTP, we used pTBS (see Materials and Methods), which induces a persistent increase in EPSP amplitude only at the conditioned input (S P ) but not at the control input (S C ) (Fig. 1 B) . Summation of EPSPs was examined by costimulation of two independent (nonoverlapping) SC inputs (with stimulating electrodes separated by ϳ50 m) at various interstimulus intervals (⌬t). The independence of S P and S C inputs was confirmed by the absence of crossfacilitation between EPSPs elicited by sequential stimulation to S P and S C with an interval of 50 ms; however, when the same test was applied to either S P or S C , apparent pair-pulse facilitation was usually observed at these SC-CA1 synapses ( Fig.  1 A) . The linearity is defined as the ratio between the peak amplitude of the recorded response induced by costimulation and that of the algebraic summation ("expected sum") calculated from the amplitude of two individual EPSPs. An example is shown in Figure 1C for two synchronous inputs at the distal dendrite. To compare summation linearity over the same range of amplitudes of the expected sum, we adjusted the EPSP amplitude of the potentiated input back to the control level by reducing the stimulus strength at S P after LTP induction (Fig. 1C,D) . Consistent with previous studies (Urban and Barrionuevo, 1998; Cash and Yuste, 1999; Wang et al., 2003) , the linearity of summation depended on the EPSP amplitude (i.e., larger EPSPs sum with a lower linearity) (Fig. 1 D) . The success of LTP induction was also reflected by the reduced stimulus strength required to elicit the same amplitude of EPSPs (Fig. 1 E) .
A narrow time window for increased linearity of summation of distal inputs
The apical dendrite of pyramidal neurons exhibits marked heterogeneity along the somatodendritic axis in both the passive and active properties, leading to the dendrite-location dependence of dendritic signal processing Magee, 1998; Cash and Yuste, 1999; Segev and London, 2000; Williams and Stuart, 2002) and synaptic plasticity (Froemke et al., 2005) . We first examined changes in the summation of two EPSPs arriving at different intervals at the distal dendrite (160 -300 m from the soma) before and after LTP induction at one of the two inputs (with S P more distal than S C ). After the application of pTBS, which successfully induced LTP, we found a significant increase in the linearity of summation for synchronous EPSPs. To summarize the results, an increase in linearity at an amplitude of 13 mV was estimated (Fig. 1 D, dashed line) for all cells before and after LTP induction (Fig. 2 A) (0 ms; 6.5 Ϯ 0.9% increase; p ϭ 0.0005; n ϭ 7), consistent with a previous report (Wang et al., 2003) ; however, when the two inputs were stimulated at different intervals, we found a slight but significant increase only at the interval of 5 ms (4.3 Ϯ 0.8% increase; p ϭ 0.001; n ϭ 8) and not at larger intervals of 10 or 15 ms ( p Ͼ 0.5) (Fig. 2 A) . Similar results were found when the location of S P and S C was switched (Fig. 2 B) . Thus, the distal dendrites exhibited a narrow temporal window for the increase in linearity of summation, with enhancement only for summation of the potentiated input with other coincidently arriving EPSPs after LTP induction.
A broader time window for increased linearity of summation of proximal inputs
We further examined the linearity of summation of two proximal SC inputs (60 -140 m from the soma) arriving at different intervals before and after LTP induction in one of the two inputs. When S P was more proximal to S C , we found a significant increase in the summation linearity for EPSP intervals up to 20 ms after LTP induction at S P , regardless of the temporal order of the two inputs (Fig. 3A) . Similar results were found when the location of S P and S C was switched (Fig. 3B ). This broader time window for summation enhancement is comparable with the characteristic decay time of EPSPs (37.5 Ϯ 3.4 ms).
The results on the temporal specificity for the enhancement of summation linearity are summarized in Figure 4 A, which shows distinct time windows for distal versus proximal inputs. As shown in Figure 4 B, the distribution of the dendritic location of S P in all experiments covers two distinct ranges of distance from the soma. It is unlikely that the location-dependent temporal windows were caused by differences in LTP induction, because the average magnitudes of LTP induced at distal versus proximal inputs, as reflected in the percentage increment of EPSP amplitude at 15-30 min after pTBS application, was not significantly different between the two groups (distal: 78.8 Ϯ 9.2%, n ϭ 20; proximal: 88.1 Ϯ 6.7%, n ϭ 22; p ϭ 0.43; Student's t test). 
Enhanced coincidence detection for distal inputs after LTP
The temporal characteristics of dendritic summation of EPSPs are likely to influence the coincidence detection and temporal integration of a neuron. Thus, the different temporal specificity in the increase of summation linearity described above may differentially promote these two modes of integration at the distal versus proximal dendrites. To test this idea, we examined the probability of spiking triggered by two summed EPSPs at different intervals before and after LTP induction. Stimuli of relatively high intensity were delivered to elicit summed EPSPs with peak amplitudes close to the firing threshold. To eliminate the effect of the increased EPSP amplitude after LTP induction, the stimulus strength of S P was reduced to elicit EPSPs of amplitudes similar to those observed before LTP induction (Fig. 5A) .
In the first set of experiments, we examined the integration of two distal SC inputs. During the control period, the stimulus strength was set so that individual EPSPs elicited by S C and S P were subthreshold and similar in amplitude, and the synchronous summation (⌬t ϭ 0 ms) triggered spikes in half of the 15 trials (Fig. 5B, left) . As shown by the example in Figure 5B , spiking was also triggered frequently by two asynchronous EPSPs over a broad range of intervals in the presence of picrotoxin, consistent with a poor coincidence detection described in previous reports under the condition of reduced inhibition (Pouille and Scanziani, 2001; Lamsa et al., 2005) ; however, after LTP induction and subsequent reduction of the stimulus strength at S P (Fig. 5 A, B) , an increase in the spiking probability was observed near ⌬t ϭ 0 ms, whereas that for longer intervals remained largely unchanged. Results from four experiments (with S P distal to S C ) are summarized in Figure 5C . Enhanced spiking was found only for near-synchronous summation but not for summation with ⌬t Ն 6 ms, suggesting that coincidence detection was selectively enhanced after LTP induction. The same effect was observed when S P was proximal to S C (data not shown). That the spiking probability for asynchronous EPSPs was not enhanced after LTP induction was further confirmed by the finding that there was no significant change in the spiking output elicited by two asynchronous EPSPs (⌬t ϭ 10 ms) of a wide range of EPSP amplitude after LTP induction (Fig. 5D) . The narrow window for the enhancement of spiking output of the neuron triggered by two distal inputs corresponds to that found for the increase in summation linearity observed for these inputs after LTP induction, suggesting that the latter may cause the enhanced coincidence detection between the potentiated input and other distal input.
Enhanced temporal integration for proximal inputs after LTP Spiking probability tests were also performed for two proximal SC inputs to the CA1 pyramidal cell. In contrast to that found for distal inputs, spikes were triggered only by EPSPs arriving within a much narrower time window before LTP induction (Fig. 6 A, left) as a result of faster kinetics of EPSPs elicited at proximal inputs (data not shown) (Magee and Cook, 2000) . After LTP induction at one of the two proximal inputs, however, the spiking probability increased for both synchronous and asynchronous EPSPs with intervals up to 18 ms (Fig. 6 A, B) (n ϭ 6), indicating an overall enhancement of temporal integration of EPSPs. This enhancement of spiking probability was further confirmed by examining the spiking output of asynchronous EPSPs (⌬t ϭ 10 ms) for a wide range of EPSP amplitude (Fig. 6C) . The broad temporal window for the enhancement of temporal integration is similar to that found for the increase in summation linearity for proximal inputs. Thus the distal-proximal difference in the temporal specificity for increases in linearity after LTP induction may differentially enhance coincidence detection and temporal integration for distal and proximal inputs, respectively.
Enhanced temporal summation at single inputs after LTP induction
Because of more elaborate arborization and heterogeneity in channel distribution along the apical dendrite (Bannister and Larkman, 1995; Hoffman et al., 1997; Magee, 1998; Migliore and Shepherd, 2002) , distal dendrites are electrically more compartmentalized than proximal dendrites (Segev and London, 2000) , and the local EPSP at the distal dendrites decays more rapidly (Magee, 2000) . Thus, local interaction between spatially segregated distal synapses is likely to be restricted within a narrower time window. This effect, together with localized modification of dendritic properties (Wang et al., 2003; Frick et al., 2004) , may lead to a narrower time window for enhancement of summation at distal dendrites. To test this possibility, we eliminated the effect of compartmentalization on spatially segregated distal inputs by delivering sequential stimuli (⌬t ϭ 10 ms) to the same input, eliciting two EPSPs with an interval of 10 ms (Fig. 7A, left) . In contrast to that found for two separate inputs (Fig. 2) , we observed a significant increase in the linearity of summation for Temporal selectivity of pTBS-induced increase in the linearity of summation of two proximal SC inputs. A, Summation linearity for two proximal inputs before and after LTP induction at one of the inputs, with S P proximal to S C (proximal 1; schematic diagram on left). Top traces depict samples of summed EPSPs for two consecutive EPSPs at different intervals. Data below show the linearity before and after LTP induction (as in Fig. 2 A) . Error bars indicate SEM. Negative intervals denote S C preceding S P . B, Similar to A except that S P is distal to S C (proximal 2). Data with significant increase are marked (*p Ͻ 0.05; **p Ͻ 0.01).
sequential EPSPs at the single distal input (7.3 Ϯ 1.2%; p ϭ 0.0002; n ϭ 10) (Fig. 7A) after LTP induction at the same input, suggesting that a linearity increase does occur for longer time intervals when there is less spatial segregation of synapses. Such enhancement of temporal summation was unlikely to result from an enhanced paired-pulse facilitation (caused by a reduced presynaptic release probability), because LTP induction in these CA1 pyramidal neurons rarely leads to such enhancement (Bolshakov and Siegelbaum, 1995; Nicoll and Malenka, 1999) . Furthermore, the spiking probability for two sequential EPSPs at the single input was significantly elevated after LTP induction for both distal (Fig. 7B) and proximal (Fig.  7C) inputs, in sharp contrast to that found for two separate asynchronous inputs activated at the same 10 ms interval (Fig. 2 D) . This is consistent with the idea that activity-induced differential enhancement in dendritic integration results from a differential effect of spatial segregation of inputs along the apical dendrite. Finally, in support of the idea of localized dendritic modification, we found that after LTP induction at a distal input, there was no increase in linearity for the summation of two sequential EPSPs (interval 10 ms) at an adjacent control input 50 -80 m away, either more proximal (Fig. 7D ) or more distal than the potentiated input (Fig.  7E) . These results on the temporal summation at single inputs are consistent with the notion that the distal-proximal difference in the temporal specificity in the enhancement of dendritic integration may be determined by the extent of local synaptic interaction at distal versus proximal dendrites.
Discussion
In this study, we have examined the modification of dendritic summation of EPSPs, which are elicited with different degrees of synchronicity at different dendritic locations after the induction of LTP by correlated presynaptic and postsynaptic bursting activities. The functional consequence of such a modification was analyzed for two aspects of neuronal operation: coincidence detection and temporal integration. By varying the dendritic location and the interval between the summed EPSPs, we discovered a striking dendritic location-dependent temporal specificity in the enhancement of dendritic summation after LTP induction. For distal synaptic inputs, LTP induction led to an increased linearity of summation only for the summation of potentiated input with other coincident SC inputs, whereas for proximal inputs, the increase in linearity occurred for the summation of inputs arriving within a much broader temporal window. We showed further, by monitoring the spike generation in the neuron, that such a distal-proximal difference for the increase in summation linearity could account for differential enhancement of coincidence detection and temporal integration for distal and proximal inputs, respectively.
Input specificity in the enhancement of dendritic summation
A previous study on hippocampal slices (Wang et al., 2003) has shown that LTP induction at SC-CA1 pyramidal cell synapses leads to a persistent enhancement of dendritic summation of two synchronous nonoverlapping SC inputs, but only for summation involving the potentiated input. This input specificity in the activity-induced modification of dendritic integration was further confirmed in the present study by our findings that there is no change in the linearity of temporal summation of sequential EPSPs at single inputs adjacent to the potentiated input (Fig.  7 D, E) . It is well known that LTP induction in the hippocampus is largely input specific (i.e., only synapses experiencing the LTPinducing stimulation become potentiated) (Brown et al., 1990; Malenka and Nicoll, 1999; Bi and Poo, 2001 ). This input specificity in synaptic modification is an essential element of the Hebb's learning rule, which has been implemented successfully in models of unsupervised learning networks and experiencedependent refinement of neural circuits. In addition to LTP, input specificity has also been demonstrated in the activity-induced potentiation of EPSP-spiking coupling, a phenomenon that depends on changes in local dendritic ion conductances (Daoudal et al., 2002) . The activity-induced enhancement of dendritic integration, which occurred only for summation involving the potentiated input, will elevate the power of the summed inputs in controlling the spiking output of the postsynaptic neuron without compromising the input specificity, thus preserving the information fidelity of the potentiated input.
Potential mechanisms for the distal-proximal difference in temporal specificity
The present study revealed a striking distal-proximal difference in the temporal specificity of the enhancement of dendritic integration. The underlying mechanism for this distal-proximal difference is yet to be elucidated. One possibility is that LTP induction may generate differential effects on local dendritic properties at various dendritic locations. Local modulation of I h channels and NMDA receptors has been suggested to be responsible for the changes in summation linearity after LTP induction (Wang et al., 2003) , and local modulation of I A channel kinetics after LTP induction has been shown to facilitate action potential back propagation (Frick et al., 2004) . Both I h and I A channels are expressed with increasing gradient from the soma to the distal optical dendrites Magee, 1998; Migliore and Shepherd, 2002) . The expression of NMDA receptors and the distribution of glutamatergic synapses are also highly heterogeneous along the apical dendrites. Such heterogeneity in channel and receptor distribution thus may result in a quantitative difference in the changes of dendritic properties after LTP induction, leading to distal-proximal differences in the enhancement of dendritic integration.
This distal-proximal difference may also be attributed to differences in the local synaptic interaction resulting from differential arborization of distal versus proximal dendrites. The complexity in the arborization of an apical dendrite of a pyramidal neuron increases with the distance from the soma (Bannister and Larkman, 1995) , resulting in more extensive electrical compartmentalization of synapses (Segev and London, 2000) and more rapid decay of local EPSPs (Magee, 2000) at the distal dendrite. Local synaptic interaction that resulted in the nonlinearity of EPSP summation at distal dendrites is thus likely to be restricted to a narrower time window for the linearity increase than that at proximal dendrites. If synapse compartmentalization is the cause of a restricted time window, such a restriction should be altered when the compartmentalization of inputs is largely removed by considering the temporal summation of consecutive EPSPs at the same input. We indeed found an increased linearity of summation and an elevated spiking probability for consecutively summed EPSPs (⌬t ϭ 10 ms) at a single distal input after LTP induction (Fig. 7A-D) , in sharp contrast to that found for the summation of EPSPs from two independent inputs with the same 10 ms interval (Figs. 2, 5C ). Additional studies with dendritic recording and biophysical modeling incorporating realistic ion channel conductances may help to elucidate the effect of arborization and the electrical compartmentalization of synapses on the property and plasticity of dendritic integration. Traces above depict summed responses for two SC inputs stimulated at 13 different intervals (⌬t ϭ Ϫ18 to ϩ18 ms), recorded from 15 consecutive trials before and after LTP induction. The traces with ⌬t ϭ 18 at trials 5 and 9 of the control period are magnified. Dashed lines indicate synchronous summation (⌬t ϭ 0 ms). Histograms below show probability of spiking at different intervals for the 15 trails shown above. Note that the probability at ⌬t ϭ 0 ms was set at ϳ0.5 before LTP induction by adjusting the initial EPSP amplitudes. After LTP induction, the stimulus strength was reduced so that the EPSP amplitude of S P was the same as the previous LTP induction. C, The average spiking probability (ϮSEM) for summed EPSPs at ⌬t ϭ 0, Ϯ6, Ϯ12, and Ϯ18 ms before and after LTP induction. Solid lines represent the best firstorder exponential fit. (**p ϭ 0.0085; n ϭ 4). D, Probability of spiking elicited by stimulating two SC inputs at distal dendrites plotted against the EPSP slope of S P (summation interval, 10 ms). The strength of S P was adjusted to elicit EPSPs of different amplitude, whereas that of S C was kept constant. The data were sorted into bins of EPSP slope of S P (bin size, 0.3 mV/ms). No significant difference was found between the data sets before and after LTP induction ( p ϭ 0.15; Mann-Whitney U test). prob., Probability. Figure 5A . B, Summary from all experiments on spike initiation elicited by stimulating two proximal inputs before and after LTP induction (*p Ͻ 0.05; **p Ͻ 0.01; n ϭ 6). C, Probability of spiking elicited by two proximal inputs plotted against the EPSP slope of S P (summation interval, 10 ms). A significant difference was found between the data sets before and after LTP induction ( p ϭ 0.001; Mann-Whitney U test). prob., Probability.
Functional implications
Because of dendritic filtering, EPSPs elicited at distal inputs tend to be small in amplitude and prolonged in kinetics when reaching the soma, and their influence on the spiking output is likely to depend mainly on temporal integration (Segev, 1995; Magee, 2000) . This may reduce the temporal precision in the information carried by the distal inputs. After LTP induction at the distal dendrite, we observed an enhancement of the spiking output by coincident distal inputs (Fig. 5 ). This suggests a mechanism for increasing the temporal fidelity of the information carried by the distal inputs. A previous report revealed that a mechanism for coincidence detection occurred at the distal dendrites of cortical pyramidal neurons through the generation of local dendritic spikes in the neocortical neuron (Williams and Stuart, 2002) . The initiation of distal dendritic spikes has also been found only for highly coincident distal inputs in hippocampal CA1 neurons (Gasparini et al., 2004) . Thus, it is likely that our observed linearity increase for summation of distal inputs arriving within a narrow time window after LTP induction (Fig. 4 A) may promote the generation of distal dendritic spikes, which in turn will help coincidence detection. Moreover, feed-forward inhibition has also been found to participate in the coincident detection in CA1 pyramidal neurons by sharpening the EPSP waveform, which reduces the spiking probability of asynchronously summed EPSPs (Pouille and Scanziani, 2001 ); however, this may lead to a potential reduction in the temporal fidelity of SC-CA1 inputs when these inputs undergo LTP, unless the SC inputs to the feed-forward inhibitory interneurons were also potentiated simultaneously (Lamsa et al., 2005) . In the present study, the selective enhancement of coincident detection of distal inputs associated with the potentiated inputs (Fig. 5) provides an additional mechanism to selectively increase the temporal fidelity of the information carried by the potentiated distal inputs. This may further indicate an experience-dependent mechanism for facilitating coincidence detection at the distal dendrites of pyramidal neurons (Williams and Stuart, 2002) .
Because the increased postsynaptic spiking triggered by coincident inputs will facilitate further activity-dependent potentiation of these inputs by correlated presynaptic and postsynaptic spiking (Bi and Poo, 2001) , the enhanced dendritic integration for coincident distal inputs described here suggests that distal inputs may be selectively costabilized by virtue of their synchronicity in exciting the same postsynaptic cell. This mechanism may work in concert with the distal-proximal difference in spike timing-dependent plasticity (Froemke et al., 2005) , leading to dendritic location-specific input selection based on the temporal characteristics of presynaptic spike trains during the development of hippocampal connections.
At proximal inputs closer to the soma, EPSPs exhibit larger amplitude and faster kinetics; therefore, a few coincident inputs at the proximal dendrite are likely to evoke action potentials. The enhanced summation efficacy for both synchronous and asynchronous proximal inputs will further add to the weight of the potentiated input in controlling the neuronal firing without a compromise in its temporal fidelity. Together, our results showed that LTP induction is accompanied by a selective facilitation of coincidence detection for distal inputs, whereas temporal integration is selectively facilitated for proximal inputs.
In conclusion, our results demonstrated a marked activitydependent plasticity of dendritic functions, with the enhancement of dendritic integration exhibiting a striking dendritic location-dependent temporal selectivity, leading to differential promotion of coincidence detection and temporal integration at distal and proximal dendrites, respectively. Together with synaptic plasticity, this plasticity of dendritic functions constitutes an integral part of activity-dependent information processing and storage in neural circuits.
